Abstract: We investigate the gravitation waves produced from QCD and electroweak phase transitions in the early universe by using a 5-dimension holographic QCD model and a holographic technicolor model. The dynamical holographic QCD model is to describe the pure gluon system, where a first order confinement-deconfinement phase transition can happen at the critical temperature around 250 MeV. The minimal holographic technicolor model is introduced to model the strong dynamics of electroweak, it can give a first order electroweak phase transition at the critical temperature around 100-360 GeV. We find that for both GW signals produced from QCD and EW phase transitions, in the peak frequency region, the dominant contribution comes from the sound waves, while away from the peak frequency region the contribution from the bubble collision is dominant. The peak frequency of gravitation wave determined by the QCD phase transition is located around 10 −7 Hz which is within the detectability of FAST and SKA, and the peak frequency of gravitational wave predicted by EW phase transition is located at 0.002 − 0.007 Hz, which might be detectable by BBO, DECIGO, LISA and ELISA.
Introduction
Predicted by Albert Einstein on the basis of general relativity, gravitational radiation is generated by the changes of the curvature of spacetime and propagates outwards as a wave at the speed of light [1, 2] . On February 11, 2016 , the LIGO and Virgo Scientific Collaboration [3] announced the first observed gravitational waves (GWs) signal in the detectors of LIGO. The gravitational waves, named GW150914, were originated from a binary black hole merger. Recently, the gravitational waves, named GW170817, originated from a binary neutron star inspiral were observed in LIGO [4] . The Nobel Prize in Physics 2017 was awarded to Rainer Weiss, Kip Thorne and Barry Barish for their decisive contributions to the LIGO detector and the observation of gravitational waves, which opens a new exciting era for astronomy and cosmology.
The GWs can be roughly divided into three categories [5] : 1) GWs can be produced through various astrophysical processes, such as compact binary inspirals, explosion of supernova and spherically asymmetric spinning neutron stars, among them, binaries systems are the main sources for detecting GWs through ground-based detectors LIGO, Virgo and Space-based interferometers LISA, DECIGO, BBO. 2) The primordial GWs can be produced in the very early stages of the Universe, such as cosmic strings, the inflation and reheating epochs, and these primordial GWs have unique imprint on the cosmic microwave background; 3) GWs can be produced from cosmological phase transitions in the early universe, such as GUT, electroweak (EW) and Quantum chromodynamics (QCD) phase transition, and these GWs can tell us the evolution of the universe.
During the evolution of the universe, several phase transitions might have occurred. If it is of a first order phase transition, it can generate gravitational waves. When two local minima of a free energy coexist in a certain temperature range, the scalar field can enter into the broken phase from the symmetric phase via quantum tunnelling or thermally fluctuation, which can lead the nucleation of bubbles in the metastable sea. If this process is fast enough when compared to the rate of expansion Hubble parameter H, the bubbles will expand and collide with each other and produce the GWs [6] [7] [8] [9] .
When the universe cools down to around several hundreds GeV, the EW phase transition could happen. Although the phase transition in the electroweak sector of the Standard Model is crossover [10] [11] [12] , first order phase transition is predicted in many extended scenarios beyond the Standard Model [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Therefore, the GW signals from the EW phase transition, which could be detected by LISA [8] , can shed some lights on the new physics beyond the standard model. Moreover, the first order phase transition is also favoured in order to produce the observed baryon asymmetry [25, 26] via the electroweak baryogenesis mechanism. Therefore, gravitational waves physics has opened a new window for the research of the fundamental laws of particle physics and cosmology. In particular, it can serve as an important tool to study the dynamics origin of the EW symmetry breaking and new physics beyond the standard model. As one of the solutions to tackle the hierarchy problem, technicolor models was first introduced by Weinberg [27] and Susskind [28] . A more realistic technicolor model, like the walking technicolor [29] [30] [31] scenario, predicts a composite scalar boson techni-dilaton (TD) for a candidate of 125 GeV boson. Similar to strong interaction of the QCD, the walking technicolor model can predict the EW phase transition and GWs generation in the evolution of the universe [32, 33] .
When the universe further cools down to around several hundreds MeV, the QCD phase transition happens, and the chiral symmetry is spontaneously broken and color degrees of freedom is confined. Exploring the QCD phase structure under extreme conditions is one the most important tasks for heavy ion collisions, especially in the Relativistic Heavy Ion Collisions (RHIC) and Large Hadron Collider (LHC), where two accelerated nucleus with relativistic velocities collide to create the hot quark-gluon plasma, which is normally called "little bang". Lattice QCD calculation shows that the phase transition for three light flavors is of smooth crossover at small baryon chemical potentia and high temperature [34, 35] , and for heavy and static quarks or pure gauge theory, the QCD phase transition is of first order [36] . If the QCD phase transition is flavor dependent and happens sequentially [37] , there might be chances for the appearance of first order QCD phase transition in the early universe. The GWs detection offers one more experimental tool to explore the QCD phase structure.
In order to tackle strongly coupled gauge theories (see [38] [39] [40] [41] for review), the anti-de Sitter/conformal field theory (AdS/CFT) correspondence [42] [43] [44] or general gravity/gauge duality was proposed. In recent decades, many properties of QCD, for example, meson spectra [45] [46] [47] [48] , phase transitions and baryon number susceptibilities [49] have been investigated from both top-down and bottom-up models. Furthermore, new extensions beyond the standard models, such as technicolor models [50] [51] [52] and composite higgs models [53] have also been studied in the context of AdS/CFT.
In this work, by using a 5D dynamical holographic QCD model and a holographic technicolor model we investigate the first order phase transitions and predict the GW signals of these two models. The paper is organized as following: In Sec.2 we introduce the dynamical holographic QCD model for pure gluon system, and describe the first order deconfinement phase transition. Similar to holographic QCD model, in Sec.3we construct the five dimensional holographic technicolor model, where a first order phase transition for EW can be described. We calculate the GWs from EW and QCD phase transitions in Sec.4. Finally, a short summary is given in Sec.5.
2 First order confinement-deconfinement phase transition
Quenched dynamical holographic QCD model
In order to tackle the challenging from strong coupling in the infrared (IR) of QCD, in recent decades, the anti-de Sitter/conformal field theory correspondence or the gauge/gravity duality [42] [43] [44] has been widely applied in investigating hadron physics, strongly coupled quark gluon plasma, QCD phase transitions and transport properties. It can be regarded as an general principle that for any d-dimensional quantum field theory (QFT) there exists a dual theory of quantum gravity living in (d + 1)-dimensions, and the gravitational description becomes classical when the QFT is strongly-coupled. Here the extra dimension, i.e., the 5th-dimension can be also interpreted as an energy scale or renormalization group (RG) flow in the QFT [54] .
In the past decade, much effort has been paid from both top-down and bottom-up methods on constructing a realistic holographic QCD model. From bottom-up, the most economic way of breaking the conformal symmetry is to add a proper deformed warp factor in front of the AdS 5 metric, which can capture the main non-perturbative QCD features. For example, a quadratic correction in front of the warp factor of AdS 5 geometry [55] or a deformed warp factor which mimics the QCD running coupling [56] can help to realize the linear heavy quark potential. For the hadron spectra, based on the hard-wall AdS/QCD model [57] and the soft-wall AdS/QCD or KKSS model [47] , much effort has been made [58] [59] [60] [61] to realize the spontaneously chiral symmetry breaking and linear confinement properties in hadron spectra. A dynamical holographic QCD (DhQCD) model has been developed in the systematic graviton-dilaton-scalar framework [61] , with the dilaton background field Φ(z) and the scalar field X(z) describing nonperturbative gluodynamics and chiral dynamics, respectively. The metric structure at IR in the DhQCD model can be automatically deformed by the nonperturbative gluon condensation and chiral condensation in the vacuum, and the model is quite successful in describing hadron spectra [62] , QCD equation of state [63] , QCD phase transitions and transport properties [64, 65] .
Here in this work, we only focus on the pure gluon system, which can be described by the quenched dynamical holographic QCD model in the graviton-dilaton framework. The action in the string frame takes the form of:
quadratic form of Φ(z) = µ 2 G z 2 to produce linear confinement at IR [47] . This quenched DhQCD model can describe well not only the scalar glueball spectra [62] , but also all two-gluon and three-gluon glueballs including vectors and tensors [66] .
First order Hawking-Page phase transition of confinement-deconfinement
The gauge theory at finite temperature has a holographic counterpart in the thermodynamics of black-holes on the gravity side. Adding the black-hole background to the quenched dynamical holographic QCD model constructed from vacuum properties, the metric in the string frame takes the form of
However, the thermodynamical properties including phase transitions and equation of state are convenient to be derived in the Einstein frame, which is described by
Under the transformation between the string fame and the Einstein frame as following:
the action at string frame Eq.(2.1) becomes
in the Einstein frame. One can derive the following equations of motion (EOMs): 6) and the solution of the black-hole background takes the form of
with
We have f (z h ) = 0 at the horizon z = z h . The periodicity of the Euclidean time
determines the temperature of the solution as
then one can easily find the relation between the temperature and position of the black hole horizon,
With the parameters µ G = 0.75GeV and G 5 = 1.25 used in [64] , we can get the critical temperature T * = 255MeV for the first order Hawking-Page confinement-deconfinement phase transition. The first order phase transition behavior can be also read from the free energy difference ∆F = F BH − F T G as a function of the temperature shown in Fig.1 . Above the critical temperature T > T * , by using the saddle point approximation, the free energy density for the black-hole has the form of 12) and below the critical temperature T < T * , the free energy density for the thermal gas takes the form of
As we can see that the free energy difference ∆F keeps zero below the critical temperature T < T * , and in the region above the critical temperature T > T * , the free energy difference decreases monotonically with the temperature, which is a typical behavior for first order phase transition. 3 The first order EW phase transition
The soft-wall holographic technicolor model
In the SM, the electroweak phase transition is a crossover [10] [11] [12] . However, when the technicolor models or more general strongly coupled scenarios are considered, (strongly) first-order phase transition at the electroweak or TeV scale is possible. We apply the gauge/gravity duality to model the strong dynamics of electroweak on five dimensional (5D) anti-de Sitter spacetime (AdS 5 ). Similar to the bottom-up holographic model of QCD [45, 46] , we construct a 5D holographic technicolor model or a phenomenological "Dp − Dq" model with the total action of
S G is the background "Dp" brane action
and the background is described by the anti-de Sitter spacetime (AdS 5 ) metric
with R the Ricci scalar, L the curvature radius of AdS 5 and the negative cosmological constant −12/L 2 . The probe flavor "Dq" brane with SU (N TF ) L × SU (N TF ) R gauge symmetry (N TF the number of techni-flavors) living on the (AdS 5 ) background is described by the action S 5 , which takes the form of
Where the covariant derivative is defined as
, and the gauge coupling g 5 is fixed by the UV asymptotic forms of the vector current two-point function as g 2 5 = 12π 2 L/N TC [45, 50, 51] with N TC the number of colors. The fifth coordinate is restricted from the infrared (IR) cut-off z m to the ultraviolet (UV) cut-off , and we always imply the limit of → 0 for simplicity. In Eqs.(3.2) and (3.4), we have introduced a soft-wall w(z) to break the scale symmetry breaking. It should be noticed that here w(z) is just a soft cut-off not a dynamical field, therefore, there is no corresponding potential in Eq.(3.2) thus w(z) is not needed to be solved from the Einstein equation.
The bulk scalar field U is dual to the boundary operator Q TC Q TC the chiral flavor symmetry in the boundary theory corresponds to left-and right-gauge fields in the bulk. The 5D mass parameter is related to m 2 5 = −(3 − γ m )(1 + γ m )/L 2 , and γ m 1 is the same setup as [50, 51] . The bulk scalar fields U can be decomposed as
Expanding (3.4), we find the coupled equations of motion for the vacuum expectation values v(z),
We choose the UV boundary condition for v(z) as 8) where M stands for the current mass of techni-quarks. Next we expand all the fields in terms of Kaluza-Klein(KK) modes. The Higgs boson in standard model corresponds to the lowest KK mode of bulk scalar U in technicolor scenario named techni-dilaton. Expanding the scalar field σ(x, z) = n f (n) σ (x)σ (n) (z), the equations of motion for the σ n (z) is,
Similar to the [45] , we choose their boundary conditions as
We introduce the vector and axial-vector fields as
gauge, the equations of motion for the transverse part of the gauge field are
The boundary conditions are chosen as:
It is similar to the holographic QCD case that we can get a set of vector and axialvector mesons which the lowest eigenvalue is identified as the techni-ρ and techni-a 1 meson, respectively. The pseudo-scalar field is coupled with longitudinal part of axial-vector field. The resulting equations of motion are(
We choose their boundary conditions as:
The techni-pion decay constant and S parameter is given as [50, 51] 
Where N D is the number of generation. Similar to the soft-wall holographic QCD model in Ref. [47] , we assume the soft-wall has the quadratic form w(z) = −cz 2 . There are six free parameters N TF , N TC , N D , z m , M and c in our model. For simplicity, we fix the N TF = 2 and N D = 1 as the minimal technicolor model, then only four free parameters are left. In order to produce realistic mass spectra, we choose the Higgs boson mass, techni-pion decay constant and the S parameter as input to trade off with the parameters (z m , M , c). Then once the value of N TC is fixed, all spectra can be found. According to the PDG [67] , the electroweak precision tests put a constraint to the S parameter as −0.01 ≤ S ≤ 0.15 (at 90% CL) assuming another oblique parameter U = 0. The technicolor scenario requires the techni-pion decay constant f Π = 246GeV. As shown in Table 1 , for Model I, by fitting to three experimental data S = 0.15, m higgs = 125GeV and f Π = 246GeV, three free parameters (z m , M , c) can be found with a fixed value of N TC = 3, 4, 5, respectively. On this basis, we obtained the techni-mesons spectra for N TC = 3, 4 and 5, respectively. We find that in by using the parameters set of Model I all the masses of techni-mesons are heavier than 2TeV. 
higgs = 125GeV and f Π = 246GeV. Model II fits two experimental data m (0) higgs = 125GeV, f Π = 246GeV and assumes a phase transition temperature of 100 GeV. Note that the unit of particle mass is TeV.
The first order Hawking-Page phase transition for EW
We have assumed that the flavor brane is a probe, therefore the thermodynamical properties of the system is dominated by the background action S G in Eq.(3.2). The thermal AdS solution in Poincaré patch is
The temperature of thermal AdS is T = 1/β , where β is the period of the Euclidean time.
The AdS-BH solution is
with f (z) = 1 − z 4 /z 4 h . The Hawking temperature of the black hole is T = 1/(πz h ). By choosing the soft-wall in the form of w(z) = −cz 2 , we can compute the free energy for thermal AdS and AdS black hole
respectively. The free energy difference is
where Ei(x)≡ ∞ −x dt e −t /t. The 1st-order Hawking-Page phase transition occurs when free energy difference changes the sign as shown in Fig.2 . For Model I in Table 1 , the EW phase transition happens at the critical temperature T * = 356, 358, 360GeV for N T C = 3, 4, 5, respectively. Considering the typical critical temperature for EW phase transition is around 80 − 150GeV, by fixing the critical temperature at T * = 100GeV, and fitting m (0) higgs = 125GeV, f Π = 246GeV, we can have a rather large S parameter 0.721, 0.888, 1.034 for N T C = 3, 4, 5, respectively, which can be read from Model II of Table 1 . On this basis, we obtained the techni-mesons spectra for N TC = 3, 4 and 5, respectively. We find that comparing with Model I, the masses of techni-mesons in Model II are much lighter. 
Gravitational wave
When the first-order phase transition takes place, the bubbles can nucleate in the supercooling plasma and the latent heat of free energy between symmetric and broken phases can engine the expansion of the bubble walls. Gravitational waves can be generated by the bubbles collisions [68, 69] , by the stirred acoustic waves [70, 71] and by the Magnetohydrodynamic(MHD) turbulence in the plasma [72, 73] (see [8, 74] for review).
The gravitational waves power spectra are consisted of these three components, which can be put as
The gravitational wave power spectrum from bubble collisions in the envelope approximation can be given as h 2 Ω env (f ), which takes the following form [68] via numerical calculation
where the spectral form S env (f ) have the power law which is given as
Here α is the ratio of vacuum energy density over radiation energy density, g * is the number of active degrees of freedom during the phase transition, v w is the velocity of bubble wall expansion, κ φ is the coefficient which measure the efficiency of converting vacuum energy into scalar field gradient energy and H * /β is the nucleation rate relative to the Hubble rate during the phase transition which measures the time duration of phase transition. The peak frequency of the GW produced by bubble collisions can be estimated as
where T * denotes the temperature during the phase transition. The dependence of the amplitude and peak frequency on the velocity of bubble expansion v w is provided as
(4.5)
The power spectrum of GW from acoustic waves can be found in reference [70] , which can take the following form
Here κ f is the ratio of bulk kinetic energy to vacuum energy. And the spectral shape is given
with approximate peak frequency
The gravitational wave power spectrum from Kolmogorov-type turbulence is [72, 73] 
Here κ turb is the efficiency of conversion of latent heat into turbulent flows. The spectral shape of the turbulent contribution is
where h * is the Hubble rate at T * , h * = 16.5 µHz T * 100 GeV g * 100 1 6 .
(4.11)
The peak frequency f turb is
It is a remarkable fact that four factors κ φ , κ f , κ turb and v w are model-dependent. If we focus on the case of Jouguet detonations [75] [76] [77] [78] , then
14)
We can compute the latent heat and α by
The Refs. [8, 70] suggest that only at most 5-10% of the bulk motion from the bubble walls is converted into vorticity, so we assume κ turb = 0.05κ φ . Using holographic models for QCD and EW phase transitions, we can calculate the transition temperature T * and phase transition strength α, and obtain the gravitational wave power spectrum. Figure 3 . The GWs spectrum or the energy density of the GWs produced from the first order QCD phase transition by using the holographic QCD model.
GWs from QCD phase transition:
For the dynamical holographic QCD model in Sec.2, with the parameters µ G = 0.75GeV and G 5 = 1.25, the critical temperature for the first order phase transition is T * = 255MeV, and one can calculate α = 0.611. Since this holographic QCD model is for pure gluon system and quark dynamics has not been considered, we cannot obtain the specific values of g * and H * /β. So we impose typical values of g * = 10 and H * /β = 1/10 for the QCD phase transition [79, 80] as listed in Table 4 . The gravitational wave power spectra produced from QCD phase transition is shown in Fig.3 . It is found that the peak frequency is located around 3 × 10 −7 Hz, and the location of the peak frequency is determined by the sound waves. The bubble collisions contribution to the GWs spectrum is dominant in the frequency region f < 5 × 10 −8 Hz and f > 10 −5 Hz, and the contribution from sound waves to the GWs spectrum is dominated in the region of f < 10 −5 Hz. The contribution from turbulence to the GWs spectrum is comparably small.
GWs from EW phase transition:
For holographic EW model, the latent heat and α can be derived analytically:
where we use L 3 /κ 2 5 = N 2 TC /(4π 2 ). Since the fermion part of 5D action has not been considered, we cannot obtain the specific values of g * and H * /β, we impose typical values of g * = 100 and H * /β = 1/100 for EW phase transition. In Fig. 4 and 5, we plot the gravitational wave power spectra for Model I and Model II with parameters listed in Table  1 of Sec.3.
For parameters in Model I, the critical temperature for the fist order EW phase transition is at T * = 356, 358, 360GeV for N T C = 3, 4, 5, respectively. For parameters in Model II, the critical temperature for the fist order EW phase transition is fixed at T * = 100GeV for N T C = 3, 4, 5. From Fig. 4 and 5, we can see that the peak frequency is located at around f = 0.007 Hz for Model I and around f = 0.002 Hz for Model II. Similar to the QCD case, the location of the peak frequency is determined by the sound waves. The bubble collisions contribution to the GWs spectrum is dominant in the frequency region f < 10 −6 Hz and f > 0.5 Hz for Model I and dominant in the frequency region f < 10 −5 Hz and f > 0.2 Hz for Model II, and the contribution from sound waves to the GWs spectrum is dominated in the region of f < 0.5 Hz for Model I and in the region of f < 0.2 Hz for Model II. The contribution from turbulence to the GWs spectrum is comparably small. We combine the GWs spectra produced from QCD and EW phase transitions in Fig.6 and show the frequency and energy density region for different GWs detectors [81, 82] . It can be read that the energy density of GWs produced from first order QCD phase transition can reach 10 −8 around the peak frequency region 3 × 10 −7 Hz, which might be detected by FAST [83] and SKA, and the energy density of GWs produced from first order EW phase transition can reach 10 −8 around the peak frequency 0.002 ∼ 0.007 Hz, which can be detected by BBO, DECIGO, LISA and eLISA. 
Conclusions and discussions
In this work, we have investigated the GWs produced from QCD and EW phase transitions in the framework of holographic QCD model and holographic technicolor model.
The quenched dynamical holographic QCD model describes the pure gluon system, and the first order phase transition for confinement-deconfinement occurs at the critical temperature 255MeV with the parameters fixed by glueball spectra. The energy density of the GWs produced from QCD phase transition can reach 10 −8 around the peak frequency region 3 × 10 −7 Hz, which might be detected by the GWs detector FAST and SKA.
The holographic technicolor model is constructed by mimicking the phenomenological "Dp-Dq" system, the probe flavor "Dq" brane has SU (N TF ) L ×SU (N TF ) R gauge symmetry with N TF the number of techni-flavors living on the (AdS 5 ) background "Dp" brane. The higgs particle and techni-mesons are generated by the probe flavor brane action, and the thermodynamical properties of the system is dominated by the background brane action. For the minimal technicolor model, we have two sets of parameters corresponding to Model I and Model II, respectively. For Model I, by fitting free parameters z m , M , c from three experimental data: S parameter, mass of higgs boson and vacuum expectation value of electroweak, the model can have first order EW phase transition at the critical temperature around 350GeV. For Model II, we fix the critical temperature for EW at 100GeV. With the critical temperature ranging from 100−360GeV, the energy density of GWs produced from first order EW phase transition can reach 10 −8 around the peak frequency 0.002 ∼ 0.007 Hz, which can be detected by BBO, DECIGO, LISA and eLISA.
We also observe that for both GWs produced from QCD and EW phase transitions, in the peak frequency region, the dominant contribution comes from the sound waves, and away from the peak frequency region, the contribution from bubble collision is dominant to the GWs.
